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Abstract 
Tissue engineering represents a new field aiming at developing biological substitutes to restore, maintain, or improve tissue 
functions. In this approach, scaffolds provide a temporary mechanical and vascular support for tissue regeneration. Scaffolds must 
be biocompatible, biodegradable, with appropriate porosity, pore structure and distribution, and optimal vascularization properties. 
Establishing a proper balance between porosity and mechanical performance is a critical design challenge for these scaffolds. This 
research work presents a numerical simulation strategy to study compressive behavior of scaffolds with different pore sizes. 
Cellular solid models were the models used for simulation purposes and its results agrees with the experimental data. 
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1. Tissue Engineering 
Tissue engineering is a multidisciplinary domain that 
can be described as “the application of the principles and 
methods of engineering and life sciences toward the 
fundamental understanding of structure-function 
relationships in normal and pathological mammalian 
tissues, and the development of biological substitutes to 
restore, maintain, or improve tissue and organ functions” 
[1-3]. 
The cell-seeded temporary scaffold approach is the 
most widely used strategy for tissue engineering [4, 5]. 
In this approach, living cells are obtained from a tissue 
harvest, from either the patient (autograft) or a different 
person (allograft), and cultured in vitro in a scaffold to 
manipulate cell functions and guiding new tissue 
formation, in order to obtain suitable biological 
constructs for transplantation [6, 7]. Scaffolds are critical 
elements allowing cell attachment, proliferation and 
differentiation, delivering and retaining cells and growth 
factors, enabling the diffusion of cell nutrients and 
oxygen, and the establishment of an appropriate 
mechano-biological environment for the cells to secrete 
their own extracellular matrices in an organized way [8, 
9]. 
To achieve these goals, an ideal scaffold must satisfy 
several biological and mechanical requirements [1, 10]. 
They must be biocompatible and biodegradable 
structures with controlled degradation rate. Additionally, 
they must have appropriate strength and stiffness, and 
adequate surface finishing guaranteeing a good 
biomechanical coupling between the scaffold and the 
host tissue. Scaffolds must also be fully interconnected, 
highly porous structures with appropriate pore size, pore 
shape and pore distribution. Porosity is a key design 
parameter to ensure an adequate mass flow of nutrients 
and oxygen to the inside of the construct and metabolic 
waste and byproducts to the outside, without 
compromising its mechanical performance.  
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Computer-aided design and simulation is a critical 
tool to develop suitable scaffolds for tissue engineering. 
This paper explores the use of a Crushable Foam 
behavior model to describe the deformation of cellular 
scaffolds. Numerical results are compared with 
experimental compression data. 
2. Scaffold Production 
Scaffold units were produced using the Bioextruder 
system illustrated in Figure 1 [11]. This system enables 
the fabrication of scaffolds in a wide range of polymeric 
and polymer/ceramic materials and comprises two 
different deposition systems: one rotational system for 
multi-material deposition, acted by a pneumatic 
mechanism, and another one for a single material 
deposition using a screw to assist the deposition process. 
The rotational system has four reservoirs, two with 
temperature controlled and another two without. A wide 
range of nozzle diameters, ranging between 0.1 and 1 
mm, can be used. 
 
 
Fig. 1. Bioextruder System. 
Scaffold units with rectangular pores were produced 
in Poly( -caprolactone) (PCL) using the single 
deposition mode (Figure 1). PCL pellets (CAPA 6500) 
with molecular weight of 50000 were obtained from 
Perstorp Caprolactones (Cheshire, United Kingdom). 
Rectangular prisms measuring 30 x 30 x 8 mm were 
initially designed with a 0º/90º architecture, using 
Solidworks (Dassault Systems). Scaffolds were 
produced with different pore sizes. Figure 2 shows the 
main design parameters considered, while Table 1 
indicates the values of both design and processing 
parameters. An example of a PCL unit is illustrated in 
Figure 3. As previously reported, depending on the 
processing conditions, a difference between theoretical 
porosity and real porosity is achieved [12-14], though 
this difference was not considered for this research 
work. 
 
Fig. 2. Representation of the main design parameters. 
 
Fig. 3. Poly( -caprolactone) scaffold with a 0/90º lay-down pattern. 
Table 1. Production parameters of the scaffolds. 
Parameters Values 
Filament Distance (FD, μm) 650 450 
Filament Gap (FG, μm) 350 150 
ST: Slice Thickness (ST, μm) 280 
Filament Width (FW, μm) 300 
Deposition velocity (DV, mm/s) 7 
Screw rotation velocity (SRV, rpm) 84 
Heating temperature (HT, ºC) 80 
3. Scaffold Compressive Testing 
The produced scaffolds were submitted to 
compression tests. The constructs were cut into block-
shape specimens characterized by the following 
dimensions: 5 x 5 x 8 mm (length (l) x width (w) x 
height (ho)). All tests were carried out in dry state at a 
rate of 1 mm/min up to a strain value of 0.5, using an 
Instrom 5566 testing system equipped with a 1 KN load 
cell. Five compression tests were considered for each 
group of design parameters. 
The “apparent” stress was evaluated as the force F, 
measured through the load cell divided by the total area 
of the apparent cross section of the scaffold (A = l x w): 
A
F
 (1) 
while the strain  was defined as the ratio between the 
scaffold height variation h (i.e. the vertical 
displacement equal to the cross head displacement), and 
the scaffold initial height ho: 
0h
h
 (2) 
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Figures 4 and 5 illustrate in an experimental way the 
obtained compressive stress-strain curves. 
 
 
Fig. 4. Compression Stress-Strain curves for the five samples with a 
pore size of 450 μm. 
 
Fig. 5. Compression Stress-Strain curves for the five samples with a 
pore size of 650 μm. 
Once determined the average stress-strain curves for 
each pore size, the compressive bulk modulus and the 
compressive tensile stress were evaluated. The 
compressive tensile stress corresponds to both the limit 
value of the scaffold’s elastic behavior and the starting 
point of the scaffold’s plastic behavior. The Maximum 
Tensile Stress, which represents the tensile cut-off stress 
in the numerical simulations, was also determined. The 
obtained data are indicated in Table 2. 
Table 2. Mechanical compressive properties of the extruded structures 
for different pore sizes. 
Pore Size 
[μm] 
Bulk Modulus 
[MPa] 
Tensile Stress 
[MPa] 
Maximum Stress 
[MPa] 
450 51.05 ± 3.21 4.36 ± 0.27 13.20 ± 1.08 
650 47.57 ± 5.51 2.59 ± 0.31 9.47 ± 0.53 
4. Constitutive Equations for Structural Analysis 
Many natural materials are not fully dense, i.e. they 
possess internal cavities similar to the structures 
considered for this research work. This type of design is 
intentional, since it reduces the structure’s density, and 
in some cases present optimal performance regarding 
mechanical solicitations [15]. An example of a 
biological cellular material is cancellous bone, which is 
designed to have a variable density, where regions 
subjected to higher stresses are denser [15]. By 
definition, a cellular solid is made up of an 
interconnected network of solid struts or plates, which 
form the edges and faces of cells [16]. According to this 
definition, polymeric and ceramic tissue engineering 
scaffolds can be considered as cellular structures. 
The constitutive model for crushable foams is 
considered for the analysis of materials typically used in 
energy absorption structures. The crushable foam 
plasticity models present the following characteristics: 
 
 are used to model the enhanced ability of a foam 
material to deform in compression, due to cell wall 
buckling processes. It is assumed that the resulting 
deformation is not instantaneously recoverable, 
ideally presenting a plastic behavior for short duration 
events; 
 can be used to model the difference between a foam 
material's compressive strength and its much smaller 
tensile bearing capacity, resulting from the cell wall 
breakage in tension; 
 must be used in conjunction with the linear elastic 
material model; 
 can be used when rate-dependent effects are 
important; 
 are intended to simulate material response under 
essentially monotonic loading. 
 
Two phenomenological constitutive models are 
usually considered: the volumetric hardening model and 
the isotropic hardening model. 
The volumetric hardening model was developed 
based on the different response foam structures usually 
experience in compression and tension. In compression, 
the ability of the material to volumetrically deform is 
enhanced by cell wall buckling processes, as described 
by Gibson and Ashby [16] and Maiti et al [17]. It is 
assumed that the resulting deformation is not 
instantaneously recoverable, ideally presenting a plastic 
behavior for short duration events. On the other hand, in 
tension, cell walls break rapidly, and as a result the 
tensile load bearing capacity of crushable foams may be 
considerably smaller than its compressive load bearing 
capacity. Under monotonic loading, the volumetric 
hardening model assumes perfectly plastic behavior for 
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pure shear and negative hydrostatic pressure stress 
states, while hardening takes place for positive 
hydrostatic pressure stress states. 
The isotropic hardening model was originally 
developed for metallic foams by Deshpande and Fleck 
[18]. It assumes symmetric behavior in tension and 
compression, and the evolution of the yield surface is 
governed by an equivalent plastic strain, which 
contributes to both the volumetric plastic strain and the 
deviatoric plastic strain. 
To implement this model, it is assumed that the 
Young's modulus is constant and the stress elastic 
behavior is updated along time, as follows: 
21+21++ nnii
n
ii
trial
ii tE  (3) 
The magnitudes of the principal stress values, 
3,1, itrialii are then confirmed, to evaluate if the yield 
stress ( y ) is exceeded. If so, they are scaled back to 
the yield surface, as follows: 
trial
ii
trial
ii
y
n
ii
trial
iiy thenif
1+  <  (4) 
After the scale of the principal values, the stress 
tensor is transformed back into the global system. The 
yield stress is a function of the natural logarithm of the 
relative volume V , i.e., the volumetric strain. 
The mechanical behavior of crushable foams is 
known to be sensitive to the rate of straining. This effect 
can be introduced by either a piecewise linear law or the 
overstress power law model. 
Scaffolds are polymer based, so the volumetric 
hardening model is considered. Additionally, two 
constitutive models were simultaneously used: a linear 
elastic behavior model for small deformations within the 
elastic domain, and a crushable foam behavior model for 
the high deformations in the plastic domain.  
5. Structural Simulations and Results 
For simulation purposes, scaffolds were assumed to 
be rectangular structures with the following dimensions: 
length (l); 2.5 mm; width (w); 2.5 mm and height (h0) 
4.0 mm. Additionally, a rigid body attached to the 
scaffold was considered simulating the machine’s clamp 
(Figure 6). A constant velocity of 0.1667 mm/ms was 
defined for the movement of the rigid block under 
compression. This value is 10000 higher than the 
experimental value (0.00001667 mm/ms). The reason for 
this velocity is related to the computational time, as it 
was not possible to undergo the simulations with the real 
compression velocity. 
 
 
Fig. 6. Rigid body for compressive solicitation upon the scaffold. 
The mechanical properties for the rigid body were 
defined in such a way that the rigid body has sufficient 
strength to perform the scaffold’s compression without 
suffering any kind of deformation. A limit dislocation 
value was also defined for the rigid body. Once it 
reaches 50 % of the scaffold’s height, the compressive 
simulation is completed, as the strain value reaches the 
value of 1. 
Figures 7 and 8 compare the obtained numerical fitted 
sigmoid stress-strain curves with the average 
experimental stress-strain curves for scaffolds with pore 
sizes of 450 μm and 650 μm. Results show that as the 
pore size increases, the compressive strength of the 
scaffolds decreases. It is also possible to observe that the 
numerical model does not allow to predict the 
densification phenomenon, resulting in the slight 
deviations between numerical and experimental results 
observed at the end of the compression test. 
 
 
Fig. 7. Comparison between the numerical and the experimental results 
for scaffolds with pore size of 450 μm. 
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Fig. 8. Comparison between numerical and experimental results for 
scaffolds with pore size of 650 μm. 
Figures 9 and 10 illustrate the stress behavior of the 
considered scaffolds for different time steps of the 
compressive test: 20 %, 40 %, 60 %, 80 % and 100 % 
compression. 
 
a)  
b)  
c)  
d)  
e)  
Fig. 9. Compression levels of scaffolds with a pore size of 450 μm. a) 
20% of compression, b) 40%, c) 60%, d) 80%, e) 100%. 
 
a)  
b)  
c)  
d)  
e)  
Fig. 10. Compression levels of scaffolds with a pore size of 650 μm. a) 
20% of compression, b) 40%, c) 60%, d) 80%, e) 100%. 
Results show that the scaffold with a pore size of 450 
μm presents the smallest bulging phenomenon, 
presenting the smallest deviation between the numerical 
and experimental stress-strain curves. Regarding the 
scaffold with a pore size of 650 μm, the scaffold 
presents a more balanced compression, except in the 
center of the scaffold, when compared to the other 
scaffold structure. The two structures tend to bulge 
outwards when undergoing the compressive simulations, 
presenting a good agreement between the numerical 
curves and the experimental curves in the plastic 
domain. The plot results also illustrate the mesh 
deformations during the compression test (the mesh 
becomes non-symmetric). This unbalanced meshed body 
results in an unbalanced bulging phenomenon, 
contributing to the deviation between numerical and 
experimental results at the densification phase. 
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6. Conclusions 
Design strategies to produce optimized scaffolds 
represent a critical topic of research in the field of tissue 
engineering. This is an emergent domain covered by this 
research work. 
Scaffolds were modeled using the crushable foam 
behavior model. Compression tests were numerically 
simulated and the obtained results compared with 
experimental ones. The effect of porosity was 
considered. 
Results show that as the pore size increases, the 
compressive strength of the scaffolds decrease. The 
numerical and experimental results present a global good 
agreement throughout the compression cycle. In the 
linear elastic domain, the obtained experimental and 
numerical curves present an excellent agreement. 
Regarding the plastic domain, the obtained curves also 
present a good agreement, with slight deviations at the 
end of the compression cycle, which are essentially due 
to the difficulty of the numerical model to predict the 
densification phenomenon. 
The slight deviations between the numerical and 
experimental curves can also be related to porosity 
differences as theoretical values were used for computer 
simulation, and to mesh deformations during the 
compression test, as the mesh is non-symmetric. This 
unbalanced meshed body results in an unbalanced 
bulging phenomenon. 
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